










 

Executive Summary 

The Buckman river diversion project, currently in planning by a group (Proponents) 
comprising the City of Santa Fe (City), the County of Santa Fe (County), and Las Campanas 
Santa Fe (Las Campanas), is intended to provide municipal/industrial water supply peak 
demands through the year 2010 for the City, County, and all of Las Campanas demands 
(about 1,800 acre-feet per year [ac-ft/yr]) through final buildout.  The project will utilize 
primarily imported San Juan-Chama (SJC) water and smaller quantities of ‘non-SJC’ 
Rio Grande water rights held by the County and Las Campanas.  

The proposed Buckman diversion facility would be located on the east bank of the 
Rio Grande near the terminus of Buckman Road at the riverfront.  The facility would 
include a screened river intake , low-head pump station, belowgrade electrical and control 
building, and a sediment removal pond (or mechanical sediment removal facility) located 
several thousand feet upgradient and southeast of the Rio Grande adjacent to Buckman 
Road.  The intake facility is estimated to require a hydraulic capacity of about 32 cubic feet 
per second (cfs) based on an estimated peak water demand of about 28 cfs plus up to about 
4 cfs for ‘overpumpage’ of carriage water.  The carriage water would be used for returning 
removed sand to the river just below the intake facility.  Plans are to remove all sand-sized 
material >0.25 millimeter (mm) in diameter to minimize potential damage to high-head 
pumps and conveyance piping over the 1,500-foot elevation gain, 15-mile± route to the 
proposed new joint City/County water treatment plant near the Santa Fe Municipal 
Recreation Complex and to Las Campanas. 

Evaluation of the likely sequence of project water demands (highest demands in June and 
July) and seasonal river flows suggests that peak demands will not be coincident with 
lowest river flows.  Moreover, analysis of U. S. Geological Survey (USGS) hydrologic 
records for the Otowi gage (4 miles upstream of Buckman) indicates that there is a direct 
relationship between river flows and suspended sediment concentrations; and that, on 
average, the >0.25-mm sand fraction makes up about 12 percent of the total sediment 
concentration in the river. 

A series of mass balance calculations suggests that removal of the > 0.25-mm sand-sized 
materials and return to the river below the diversion will cause only slight increases in 
downstream suspended sediment concentrations – generally less than 1 percent, and under 
worst-case conditions, less than 3 percent.  Expected effects on turbidity levels are also 
minimal in terms of upstream to downstream increases.   

Based on the results of the evaluation presented in this document, the Proponents are 
respectively requesting that EPA consider an application for a National Pollutant Discharge 
Elimination System (NPDES) permit to allow the proposed sand return to the Rio Grande as 
a basis for operation of the Buckman diversion facility.
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Background 

The Buckman river diversion project, currently in planning by a group (Proponents) 
comprising the City of Santa Fe (City), the County of Santa Fe (County), and Las Campanas 
Santa Fe (Las Campanas), is intended to provide municipal/industrial water supply to meet 
critical water needs in the Santa Fe area.  The project is intended to meet peak demands 
through the year 2010 for the City, County, and all of Las Campanas demands (about 
1,800 acre-feet per year [ac-ft/yr]) through final buildout.  The project will utilize primarily 
imported San Juan-Chama (SJC) water and smaller quantities of ‘non-SJC’ Rio Grande water 
rights held by the County and Las Campanas. 

Considerable preliminary engineering, feasibility studies, and hydrologic evaluations of 
water supply alternatives have been undertaken for the various parties by CDM (October 
2001; September 2002) and CH2M HILL (October 2001).  This work has led to the selection 
of a river intake on U.S. Forest Service (USFS) land at Buckman as the preferred alternative 
for diverting water from the river for meeting the needs of the project.  With USFS and the 
Bureau of Land Management (BLM) as lead Federal agencies, an Environmental Impact 
Statement (EIS) is currently (November 2002) underway to evaluate the potential impacts of 
the proposed project.   

The proposed Buckman diversion facility would be located on the east bank of the 
Rio Grande just downstream of the terminus of Buckman Road at the riverfront (Figures 1 
and 2).  As presently envisioned and shown in Figure 3, the facility would include a 
screened river intake (stainless steel fish screen with approximate 2.0 millimeter [mm] 
openings), low-head pump station, belowgrade electrical and control building, and a 
sediment removal pond (or mechanical sediment removal facility) located on a terrace some 
1,500 feet southeast of the Rio Grande, adjacent to Buckman Road.  The intake facility is 
estimated to require a hydraulic capacity of about 32 cubic feet per second (cfs) based on an 
estimated peak water demand of about 28 cfs plus up to about 4 cfs for ‘overpumpage’ of 
carriage water.  The carriage water would be used for returning removed sand to the river 
just below the intake facility.  Plans are to remove all sand-sized material >0.25 mm in 
diameter to minimize potential damage to high-head pumps and conveyance piping over 
the 1,500-foot elevation gain, 15-mile± route to the proposed new joint City/County water 
treatment plant near the Santa Fe Municipal Recreation Complex and to Las Campanas. 

A summary of the estimated peak demands required to be met from the Buckman diversion 
facility are provided in Table 1.  Note that the peak demands assume a drought with no 
water available from the Santa Fe Canyon surface supply or from the Buckman wellfield.  
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Table 1.  Estimated 2010 Maximum Annual and 2010 Peak-Day Drought Year  

Demands for the Buckman Diversion Project 
 

 
 

Water User 

Annual 
Demand 
(ac-ft/yr) 

Peak Day 
Demand 

(mgd) 

Peak Day 
Demand 

(cfs) 

Santa Fe City/County 6,930 15.0 23.2 

Las Campanas 1,800 3.2 5.0 

Total 8,730 18.2 28.2 

Notes:  mgd = million gallons per day. 
            cfs = cubic feet per second. 

 

 

 
 
 

Month 

Percentage of 
Peak-Day 

Demand in 
Stated Montha

 
Peak-Day 
Demandb 

(mgd) 

 
Peak-Day 
Demandb 

(cfs) 

January 0.40 7.3 11.3 

February .45 8.2 12.7 

March .50 9.1 14.1 

April .65 11.8 18.2 

May .85 15.4 23.8 

June 1.00 18.2 28.2 

July .93 16.9 26.1 

August .85 15.4 23.8 

September .80 14.6 22.6 

October .70 12.7 19.6 

November .50 9.1 14.1 

December .40 7.3 11.3 
a Estimated from recent records provided by City of Santa Fe. 
b It is unlikely that peak-day demands listed would occur in consecutive  
  months.  Values presented in this table are estimates of the highest  
  probable use of the diversion in any given month. 

 

ABQ/SUSPENDED SEDIMENT RETURNS REPORT.DOC  6 



 

Purpose and Scope 

The primary purpose of this report is to summarize the estimated effects of the proposed 
Buckman diversion operation on the sediment regime of the Rio Grande in the Buckman 
area.  Of particular interest is the effect of the proposed sand return from the sediment 
removal facility on the concentration of total suspended sediment and turbidity in the river 
just downstream of the intake.  It is the desire of the Proponents of the Buckman project to 
utilize the results presented in this report as the basis for a National Pollutant Discharge 
Elimination System (NPDES) permit from the U.S. Environmental Protection Agency (EPA) 
for the proposed sand return operation. 

This evaluation involves several steps:  

• Review of the historical streamflow and suspended sediment records for the Rio Grande 
at Otowi, approximately 4 miles upstream of the Buckman intake site. 

• Selection of a range of streamflow and sediment conditions from which to simulate the 
diversion of water and return of sediment to the river. 

• Using a sediment mass balance algorithm, estimation of suspended sediment 
concentrations in the river below the intake for various rates of diversion, streamflow, 
and ambient river suspended sediment concentrations. 

Summary of Historical Streamflow and Sediment Records 
Figure 1 shows the proposed project intake location on the Rio Grande at Buckman some 
4 miles downstream of the State Highway 4 Bridge at Otowi.  The U.S. Geological Survey 
(USGS) gage at Otowi has one of the longest and most complete records of streamflow in the 
United States, with daily flow data available from 1895 to present (uninterrupted since 
1900).  The USGS Otowi gage is also the key accounting gage for the Rio Grande Compact 
that regulates water operations and water rights among the states, including a separate 
accounting of SJC water released from Heron Reservoir for use by various contractors in the 
Rio Grande Basin (including the City, the County, and Las Campanas). 

The long-term record of annual flows at Otowi shows that river discharge has averaged 
about 1,510 cfs (1.09 million ac-ft/yr) over the 1900-2001 period.  SJC water began flowing 
through the Rio Grande at Otowi in 1971.  Over the pre-SJC importation period 1900 to 1970, 
Otowi flows averaged 1,492 cfs (see Figure 4).  Over the post-SJC period of 1971-2001, flows 
at Otowi averaged 1,547 cfs.  The post-SJC period includes imported SJC water that has 
averaged 80 cfs since 1971.  Subtraction of the 80 cfs from the 1971-2001 total average flow of 
1,547 cfs results in an estimated average ‘non-SJC’ flow of 1,467 cfs for 1971-2001 – very 
close to the 1,492 cfs average ‘non-SJC’ flow for the 1900-70 period. 
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Figure 4.  Annual Flow of Rio Grande at Otowi
With Incremental SJC Flows, 1900-2001
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The seasonal runoff pattern of the river at Otowi is shown in Figure 5.  The snowmelt runoff 
period generally begins in late March and early April and proceeds to a peak in May or 
June.  After June, streamflow at Otowi usually declines through July and August to a base 
flow of less than 1,000 cfs for much of the September to February period.  In the peak 
snowmelt runoff months May and June, flows are typically more than 3,000 cfs.  As 
indicated in Figure 5, the attenuation of flood peaks in the May-July period (caused by 
storage in Abiquiu Reservoir which began in 1963) and releases of SJC water (typically 
heavy in the late irrigation season months of August-October), have altered the runoff 
hydrograph – particularly over the period since 1971.  
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Figure 5.  Mean Monthly Flow at Otowi,1971-2001

0

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

4,500

5,000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Fl
ow

 (c
fs

)

1971-2001 1900-1970

 

 

Table 2 provides a summary of tabulated monthly flows for the Rio Grande at Otowi for the 
1971-98 period.  Note that for the 1971-2001 period, the minimum monthly flows of 260 to 
360 cfs occurred in September and October. 

From the above graphical and tabular summaries, the seasonal flow pattern of the 
Rio Grande at Otowi from 1971-2001 can be characterized as follows: 

• Fall-winter, low flow ⎯ September through February; September and October have 
flows augmented somewhat by irrigation releases and occasional thunderstorms.  Mean 
flows typically 850 to 950 cfs, minimums typically 260 to 500 cfs. 

• Pre-snowmelt, moderate flow ⎯ March and April; early snowmelt can begin in April in 
some years.  Mean flows typically 1,400 to 2,300 cfs, minimums 500 to 600 cfs. 

• Spring snowmelt, high flow ⎯ May and June; snowmelt can extend into July in wet, 
cooler years.  Mean flows generally 3,300 to 3,800 cfs, minimums can be as low as 450 to 
500 cfs in years of poor snowpack, but more typically are about 1,000 cfs. 

• Summer monsoon, moderate flow ⎯ July through August; mean flows typically 1,000 to 
1,500 cfs, but can be as low as 400 and as high as 3,000 cfs depending on strength (or lack 
of) monsoon. 



 

January February March April May June July August September October November December Annual
Average Average Average Average Average Average Average Average Average Average Average Average Average

Year (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs) (cfs)
1971 721 877 1,141 1,215 898 528 568 463 396 910 1,151 735 800
1972 688 862 1,274 741 433 470 394 391 449 689 1,020 734 679
1973 685 692 1,161 1,851 5,514 4,909 3,125 1,612 1,033 845 922 1,681 2,003
1974 1,326 717 1,161 936 1,032 1,031 668 769 263 361 429 450 762
1975 473 562 956 2,078 3,680 4,023 2,681 968 976 821 1,485 1,959 1,722
1976 1,046 695 897 1,342 2,611 1,430 1,168 1,009 979 470 434 510 1,049
1977 436 526 612 489 639 1,162 838 633 467 493 401 488 599
1978 445 500 671 877 2,830 2,419 1,110 811 536 441 686 672 1,000
1979 565 649 1,683 3,506 6,616 7,914 3,579 1,169 741 819 1,618 1,477 2,528
1980 677 866 1,018 2,570 6,351 5,943 1,954 786 545 490 1,296 1,391 1,991
1981 688 590 631 606 833 956 735 642 415 564 740 581 665
1982 558 659 1,064 2,087 4,105 4,125 1,425 1,189 1,547 1,026 1,009 878 1,639
1983 746 954 1,475 2,480 5,054 6,162 3,087 952 704 527 589 1,036 1,980
1984 717 730 1,462 3,060 6,786 4,601 1,038 895 722 732 1,026 1,025 1,900
1985 993 1,021 2,346 6,412 8,390 6,471 1,503 1,081 1,047 1,218 1,272 1,252 2,751
1986 1,757 2,510 2,328 3,782 4,441 5,776 3,230 704 876 1,373 2,034 1,606 2,535
1987 1,294 2,641 3,127 5,225 7,285 4,219 1,500 1,379 1,532 1,554 1,399 763 2,660
1988 701 772 1,470 1,910 1,725 1,103 749 854 808 522 811 752 1,015
1989 731 810 2,026 3,397 1,653 844 1,023 807 586 558 476 575 1,124
1990 550 619 878 1,062 1,693 1,056 1,093 919 1,065 769 1,103 851 972
1991 848 1,063 1,524 3,055 4,562 3,460 1,390 1,523 1,115 692 1,215 1,129 1,798
1992 862 1,033 1,784 3,968 3,734 2,899 1,240 1,076 1,161 860 624 708 1,662
1993 900 1,140 1,559 3,101 5,518 4,806 1,629 1,213 1,328 836 1,259 1,243 2,044
1994 878 869 1,603 3,476 5,881 4,026 1,037 818 866 853 737 945 1,833
1995 974 1,243 1,945 2,301 4,682 6,484 4,548 1,009 1,046 1,127 1,258 1,034 2,304
1996 1,176 1,300 1,305 872 1,169 1,122 806 847 758 603 538 611 926
1997 707 857 1,474 1,569 4,274 4,389 1,340 1,209 1,467 2,225 1,382 1,012 1,825
1998 949 967 1,349 1,702 3,570 1,840 1,336 1,203 1,284 966 780 746 1,391
1999 798 779 765 1,015 3,603 3,086 1,514 2,132 1,553 1,040 804 725 1,485
2000 772 798 987 1,123 1,333 1,603 1,470 1,347 1,164 552 465 525 1,012
2001 543 618 830 1,130 2,748 1,957 1,239 977 1,052 694 454 574 1,068

1971-2001 Summary
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Minimum 436 500 612 489 433 470 394 391 263 361 401 450 599
95% Daily Min. 448 518 637 552 506 515 391 340 268 313 401 430 NA
Maximum 1,757 2,641 3,127 6,412 8,390 7,914 4,548 2,132 1,553 2,225 2,034 1,959 2,751
Mean 813 933 1,371 2,224 3,666 3,252 1,581 1,013 919 827 949 925 1,539
Median 731 810 1,305 1,910 3,680 3,086 1,336 968 976 769 922 763 1,639
Std. Dev. 286 483 565 1415 2206 2128 989 350 363 382 410 385 641

Table 2.  Monthly Rio Grande Flows at Otowi, 1971-2001
 

 

Low-Flow Frequency and Basis of Intake Design 
As a basis for the operational design of the proposed diversion at Buckman, a low-flow 
design value is necessary.  From inspection of the Otowi flow record, it was determined that 
only a few scattered days of flows less than 200 cfs had occurred since the mid-1960s at the 
Otowi gage.  Thus, we reasoned that a flow of about 200 cfs was a good first approximation 
of a design low-flow value for the Buckman intake.   

Surveys of the channel bottom and hydraulic analysis (Heggen, 2001) indicated that flows in 
the channel at the Buckman intake site should be sufficiently deep to permit operation at a 
peak diversion rate of 32 cfs at a river flow of 200 cfs.  With that conclusion in hand, it was 
left to estimate the likely frequency of a flow of 200 cfs at Otowi (assumed as identical to 
flows that would occur at Buckman).  
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We applied standard USGS frequency analysis techniques (Low-Flow Investigations by H. C. 
Riggs, Chapter B1, Techniques of Water-Resources Investigation of the U.S. Geological Survey, 
1972) to the hydrologic record at the Otowi gage.  The analysis was based on the daily flow 
record for 1971-2001 (the post-SJC project period) and a Gumbel-type power function fit to 
the gaged data.   

Results are illustrated in Figure 6 in terms of recurrence frequency (in years) of consecutive 
mean daily low flows of 1, 7, 14, 30, and 60 days.  The 7-day values are considered to be 
representative of those most likely to come into play in operating the diversion (i.e., 
operational decisions are likely to be made on a forecasted weekly or biweekly runoff 
outlook rather than on a day-to-day basis).  Figure 6 suggests that a consecutive 7-day low 

flow averaging 200 cfs might occur 
about once every 60 years1.   1 In reality, post-2005 years are likely to see more SJC 

water in the river at Otowi than occurred previously, 
with a tendency to make less frequent the low flows 
predicted in the above analysis (Figure 6).  Under its 
proposed Drinking Water Project, Albuquerque will 
for the first time in SJC Project history be taking full 
delivery of its SJC supply from Abiquiu at an 
average of about 66 cfs.  Similarly, the Santa Fe users 
will be taking a larger delivery of SJC water for this 
project—up to nearly 7,000 ac-ft/yr (10 cfs on 
average and perhaps 28 cfs during peak periods).  In 
contrast, records provided by Sangre de Cristo Water 
Company (Amy Lewis, written communication, 
2002) suggests that releases of Santa Fe SJC for water 
rights offset purposes for Buckman pumping 
averaged about 2,000 ac-ft/yr in the last decade. 

Another important issue is when 
within a given year a 7-day low flow 
is likely to occur.  If such a flow 
occurred in June or July when 
municipal water demands are 
normally highest, diversion of up to 
32 cfs (intake capacity) would have a 
larger effect on river flows in the 
200-cfs range.  However, as indicated 
in Figure 7, more than 50 percent of 
the 7-day low flows are most likely to 
occur in September and October ⎯ 
whereas virtually none are likely in 
June and only 7 percent of low flows 
are forecast to occur in July.  
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Figure 6.  Frequency Curves of Annual Lowest Mean Discharge for
Consecutive Days at Otowi Gage on Rio Grande
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Figure 7.  Reccurence of 7-Day Low Flow by Month, 1971-98

Table 3 summarizes various values and indices of observed 1971-2001 Rio Grande flows and 
their relation to proposed maximum Buckman diversions on a monthly basis.  Note that the 
proposed maximum diversions are a very small percentage (generally <2 percent) of median 
monthly river flow.  In comparison to the 95th percentile minimum daily river flow, the 
maximum proposed Buckman diversions comprise about 2 to 8 percent (the latter in 
September) of 95th percentile minimum daily river flow.   

In summary, a 7-day low flow of 200 cfs and an estimated recurrence frequency of 50 to 
60 years would seem to be reasonable values (and probably conservative) for purposes of 
low-flow operational design for a project river intake at Buckman.  The 95th percentile daily 
minimum flow, based on analysis of historic records for the Otowi gage, is estimated at 
268 cfs (with a likely occurrence in September).  From Tables 1, 2, and 3, it is highly unlikely 
that a peak demand (i.e., peak diversion from a Buckman intake) of 28.2 cfs (June peak day) 
would occur coincident with a 50 to 60-year minimum monthly flow of 200 cfs or a 
95th percentile daily flow of 268 cfs.  Minimum  monthly June flows at Buckman are likely to 
be over 300 cfs whereas 95th percentile daily low flows should be more than 500 cfs.  It 
would appear that the likely period of maximum impact on the Rio Grande would occur in 
September when extreme minimum 7-day lows could approach 200 cfs and peak-day 
diversions could be as high as 22 to 23 cfs. 
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Table 3.  Relationship of Proposed Buckman Diversions to Rio Grande Flow 

1971-2001 Otowi Flow Diversion as % of:  
 
 
 
 

Month 

 
 
 

Max. Monthly Net 
Diversion 

(cfs) 

95th Percentile 
Daily Minimum 

Flow   
(cfs) 

 
Median 
Monthly 

(cfs) 

 
95th Percentile 
Daily Minimum 

Flow 

 
Median 
Monthly 

Flow 

January 11.3 448 731 2.5 1.5 

February 12.7 518 810 2.4 1.6 

March 14.1 637 1,305 2.2 1.1 

April 18.2 552 1,415 3.3 1.3 

May 23.8 506 3,680 4.7 0.6 

June 28.2 515 3,086 5.5 0.9 

July 26.1 391 1,336 6.6 2.0 

August 23.8 340 968 7.0 2.5 

September 22.6 268 976 8.4 2.3 

October 19.6 313 769 6.3 2.5 

November 14.1 401 922 3.5 1.5 

December 11.3 430 763 2.6 1.5 
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Suspended Sediment Evaluation  

Suspended sediment data have been collected on a daily basis at the USGS Otowi gage since 
1955 and since 1946 on a periodic basis.  From these data, a series of graphs relating flow to 
suspended sediment concentration were produced from the post-1955 record.  Our 
evaluation, as well as an earlier study by Heggen (2001) indicated that while there was a 
general relationship wherein daily suspended sediment concentration increased with 
increasing flow, the relationship was highly variable and often not predictable.  Attempts to 
develop relationships on a seasonal basis (i.e., monsoons only, snowmelt period only) were 
also not successful.   

Consequently, we collated the daily flow and suspended sediment into monthly averages in 
an attempt to develop a better general relationship.  This resulted in the data depicted in 
Figure 8 ⎯ observed average monthly flow versus observed average monthly suspended 
sediment concentrations at the Otowi for the period 1955 to 1995.  An ‘upper-bound’ curve 
was drawn, which appears to be reasonable for purposes of conservatively estimating 
suspended sediment concentrations as a function of flow.  The curve in Figure 8 was used to 
estimate suspended sediment concentrations for river flows ranging from 200 to 5,000 cfs.  

As described previously, the project is intended to remove and return the >0.25-mm sand 
fraction of the suspended sediment to the river.  Thus, an estimate of the relative percentage 
of the >0.25-mm size fraction was needed.  Figure 9 shows the available USGS data for size 
analysis from samples taken from the Otowi sampling site.  Figure 9 indicates that the 
>0.25-mm sand fraction varies widely, but that, on average, was about 12 percent of the total 
suspended sediment concentration.  Evaluation of individual concentrations versus river 
flow indicated no strong relationship between flow and percent sand ⎯ again suggesting 
that the percentage of >0.25-mm material, on average, remained about the same despite 
changes in flow and total suspended sediment concentration. 

Figure 10 depicts the general relationship between observed turbidity concentrations and 
suspended sediment concentrations based on the available data from the Otowi sampling 
site.   
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Figure 8. Flow Versus Suspended Solids Concentration, Rio Grande at Otowi 
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Figure 9. Size Analysis of Suspended Sediment, Rio Grande at Otowi 
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Figure 10.  Suspended Sediment Mass Balance Flowchart 
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Mass Balance Calculations 
Based on the relationships presented above, a mass balance calculation spreadsheet was 
prepared to simulate the concentrations of suspended sediment in the river below the 
Buckman diversion, as well as in the diverted water and in the return flow (including the 
added sand >0.25 mm) to the river below the diversion.  The results are presented in the 
graphs in Appendix A and in the Mass Balance Calculations spreadsheet included in 
Appendix B.  The net effects on the Rio Grande were calculated as difference in total 
suspended solids (TSS) concentration and percent change in TSS concentration upstream 
and downstream of the diverted and returned flows.  

As discussed previously, the Rio Grande normally has distinctive seasonal flow regimes, as 
well as large annual fluctuations in flow during drought and wet years.  Data were 
reviewed to determine the appropriate variables that should be used in the calculations.  
From review of the historical data on flow and suspended sediment, calculations were 
completed for upstream river flows of 200, 500, 1,000, 2,000, 3,000, 4,000, and 5,000 cfs using 
the corresponding suspended sediment concentration taken from the relationship depicted 
in Figure 8.  Each upstream river flow was incorporated into the calculations using assumed 
Buckman diversion rates of 28, 21, 14, and 7 cfs.  These diversion rates more than cover the 
estimated peak-day demands for the Buckman project presented in Tables 1 and 3.  Each 
diversion rate was further subdivided in the calculations using carriage water return flow 
rates of 2 and 4 cfs.  It is anticipated that during periods of higher diversion (e.g., 28 cfs), as 
much as 4 cfs of diverted carriage water will be used to return the >0.25-mm sand to the 
river, whereas during periods of lower diversion (e.g., 7 cfs), as little as 2 cfs of carriage 
water will be used. 

Sand concentrations of 8, 12, and 16 percent were then entered into the calculations for each 
combination of upstream flow rate, diversion rate, and return flow rate.  The sand 
concentration range was selected to bracket the expected range depicted by historical data.  
Figure 9 shows that approximately 12 percent, on average (but with a wide range), of the 
sediment particles are retained on the 0.25-mm-diameter screen.  

Table 4 presents the variables used in the mass balance calculations presented in the Mass 
Balance Calculations spreadsheet in Appendix B. 

The Mass Balance Calculations spreadsheet includes the following as depicted in Figure 10: 

• Suspended sand (i.e. >0.25-mm-diameter) concentration in river (upstream) 
• Suspended fines (i.e. <0.25-mm-diameter) concentration in river (upstream) 
• Sand load in river (upstream) 
• Diversion sand load (total diversion = pumped water + carriage water) 
• Pumped water sand load 
• Diverted carriage water sand load 
• Diverted carriage water fines load 
• Bypass river flow (post-diversion river flow, but before the return flow inlet) 
• Bypass river flow TSS load 
• Return flow TSS load 
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Table 4.  Variables Used to Calculate the Mass Balance of TSS 

Description  Variable or Equation 

River Upstream 

Flow (Discharge = Q)  QR

Total Suspended Sediment Concentration  SST

Suspended Sand Concentration  SS

Suspended Fines Concentration  SF

Suspended Sand Load  QR x SS

Diversion (Pumped + Diverted Carriage Water) 

Diversion Flow (Pumped flow, does not 
include carriage water) 

 QD

Diverted Carriage (Return) Water Flow  Qd

Suspended Sand Concentration (same as 
upstream) 

 SS

Suspended Fines Concentration (same as 
upstream) 

 SF

Suspended Sand Load  (QD + Qd) x SS

Suspended Fines Load  (QD + Qd) x SF

Not Diverted River Flow (Bypass) 

Not Diverted Flow  QBF = QR-(QD+Qd) 

Suspended Sand Concentration (same as 
upstream) 

 SS

Suspended Fines Concentration (same and 
upstream) 

 SF

Suspended Sand Load  (QR - (QD + Qd)) x SS

Suspended Sand Load  (QR - (QD + Qd)) x SF

Return Flow (Carriage Water) 

Borrowed Return Flow  Qd

Includes All of the Suspended Sand of the 
Total Diversion – Concentration of Suspended 
Sand 

 ((QD + Qd)/Qd) x SS

Suspended Sediment Load  (SSQD) + (SSQd) + (QdSF) 

Return Flow TSS Concentration  (SSQD) + (SSQd) + (QDSF)/Qd

River Downstream 

Downstream Flow  QR - (QD + Qd) + Qd = QR - QD

Suspended Fines Concentration  Ss (QR/(QR - QD)) 

Downstream TSS Load  SDST = (SSQD) + (SSQd) + (QDSF) + (QBFSST) 

Downstream TSS Concentration  SDST/(Qd + QBF) 
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• Total downstream TSS load 
• Return flow TSS concentration 
• Downstream TSS concentration 
• Percent increase in TSS concentration downstream 

Note that for purposes of calculating the downstream TSS concentration (after return flow 
from the diversion-sedimentation system) we have that the river is completely mixed.  Our 
observations of hydraulic conditions in the vicinity of the diversion facility and immediately 
downstream where the sand return would occur, suggests that the river should be in a 
completely mixed condition approximately 1,000 feet downstream at the rapids caused by 
boulders washed into the channel from the Canada Ancha arroyo system.  We anticipate 
that the return to the river will be done by jetting the return flow of 2 to 4 cfs into the fast-
moving portion of the river on the downstream side of the diversion structure.  We envision 
that the final design of the diversion facility and return flow system will include actual field 
tests and hydraulic dispersion-advection calculations to ensure an efficient mixing with the 
river. 

Example Mass Balance Calculations 
The following examples in Table 5 demonstrate the calculation algorithm used in the mass 
balance analysis.   

• Example 1 assumes the following conditions:  200 cfs upstream flow, 28 cfs diversion 
rate, 12 percent sand concentration (i.e. percent of suspended sediment particles 
>0.25 mm in diameter), 4 cfs carriage water, and 750 milligrams per liter (mg/L) 
upstream TSS concentration.   

• Example 2 assumes the same variables with the exception of 1,000 cfs upstream flow and 
1,600 mg/L upstream TSS concentration.   

• Example 3 assumes the same variables as Examples 1 and 2 with the exception of 
2,000 cfs upstream flow and 2,100 mg/L upstream TSS concentration. 

Downstream TSS Concentrations 
As shown above from the example calculations, removing the sand from the pumped 
diversion water, returning it to the carriage water flow, and discharging the sand to the 
river downstream of the diversion results in a TSS increase of only 4 to 15 mg/L ⎯ an 
essentially unmeasureable 0.17 to 1.95 percent increase.   

To explore more fully the percentage increase in downstream TSS concentrations resulting 
from operation of the Buckman diversion, a series of graphs were developed from mass 
balance calculations to depict diversion rate versus percent increase in TSS as a function of 
river flow and upstream TSS concentrations.  The following graphs show the post-return 
flow downstream TSS increase as a function of the diversion rate at each of three sand 
concentrations (i.e., suspended sediment particles >0.25 mm in diameter), 8, 12, and 
16 percent, and upstream river flows of 200, 1000, and 2000 cfs.   

Figure 11 shows the scenario for a 200-cfs upstream flow in the Rio Grande.  As indicated by 
the figure, a sand concentration of 8 percent results in the lowest downstream TSS 
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concentration increase and the sand concentration of 16 percent results in the highest 
downstream TSS concentration increase.  At a sand concentration of 16 percent, the post-
return flow downstream TSS concentration increase in the Rio Grande is about 2.60 percent. 

Table 5.  Example Mass Balance Calculations 

 
Description 

 
Calculation and Units 

Example 1
Result 

Example 2
Result 

Example 3
Result 

Upstream Flow QR (cfs) 200 1,000 2,000 

Diversion Rate QD (cfs) 28 28 28 

Diverted Carriage Water 
(Returned) 

Qd (cfs) 4 4 4 

Percent Sand-Sized Particles 
(>0.25 mm) 

% 12 12 12 

TSS Concentration in River SST (mg/L) 750 1,600 2,100 

Suspended Sand 
Concentration in River 

SS (mg/L) 90 192 252 

Suspended Fines 
Concentration in River 

SF (mg/L) 660 1,408 1,848 

Sand Load in River QR x SS (mg/s) 5.09E+05 5.43E+06 1.42E+07 

Diversion Sand Load – Total 
Diversion 

(QD+Qd) x SS (mg/s) 8.2E+04 1.7E+05 2.3E+05 

Pumped Water Sand Load QD x SS (mg/s) 71,358 152,231 199,804 

Pumped Water Fines 
Concentration – in pipe to 
high-head pumps 

Same as in River SF (mg/L) 660 1,408 1,848 

Diverted Carriage Water Sand 
Load 

Qd x SS (mg/s) 10,194 21,747 28,543 

Diverted Carriage Water 
Fines Load 

Qd x SF (mg/s) 74,756 159,480 209,318 

Bypass River Flow (Not 
Diverted) 

QBF = QR - (QD + Qd) (cfs) 168 968 1,968 

Bypass River Flow TSS Load QBF x SST (mg/s) 3.57E+06 4.39E+07 1.17E+08 

Return Flow TSS Load (SSQD) + (SSQd) + (QdSF) 
(mg/s) 

1.56E+05 3.33E+05 4.38E+05 

Total Downstream TSS Load SDST = (SSQD) + (SSQd) + 
(QDSF) + (QBFSST) (mg/s) 

3.72E+06 4.42E+07 1.17E+08 

Return Flow TSS 
Concentration 

(SSQD) + (SSQd) + (QDSF)/Qd 
(mg/L) 

1,380 2,944 3,864 

Downstream TSS 
Concentration 

SDST/(Qd + QBF) (mg/L) 765 1,606 2,104 

Increase in TSS 
Concentration Downstream 

(TSSDS-SST)/SST (%) 2.00 0.375 0.19 
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Figure 11.  Diversion Rate vs. TSS at 200 cfs Upstream Flow Rate 
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Figure 12 shows the 1,000-cfs upstream flow scenario, which is representative of a typical 
mid-summer condition not effected by thunderstorms.  A sand concentration of 8 percent 
results in the lowest downstream TSS concentration increase and the sand concentration of 
16 percent results in the highest downstream TSS concentration increase.  At a sand 
concentration of 16 percent, the post-return flow downstream TSS concentration increase in 
the Rio Grande is only about 0.46 percent.
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Figure 12.  Diversion Rate vs. TSS at 1,000 cfs Upstream Flow Rate 
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Figure 13 shows the 2,000-cfs upstream flow scenario, which is representative of an early 
summer condition during the period of snowmelt runoff.  A sand concentration of 8 percent 
results in the lowest downstream TSS concentration increase and the sand concentration of 
16 percent results in the highest downstream TSS concentration increase.  At a sand 
concentration of 16 percent, the post-return flow downstream TSS concentration increase in 
the Rio Grande is 0.23 percent.  
 

Figure 13.  Diversion Rate vs. TSS at 2,000 cfs Upstream Flow Rate 
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Appendix A contains the complete set of graphs for each of the seven Rio Grande flow rates 
used in the mass balance calculations.  As determined from the calculations and presented 
on the graphs, the TSS increases are dependent primarily on the upstream flow (QR), since 
this is the variable with the widest fluctuations over time.  The highest TSS concentration 
increases were calculated to coincide with the lowest flow conditions, since the volume of 
diverted water represented a larger fraction of the flow in the Rio Grande.  For example, 
with a 200-cfs upstream flow in the Rio Grande containing 750-mg/L TSS, a 32-cfs diversion 
of which 4 cfs is returned carriage water, and 16 percent sand concentration, the 
downstream TSS increase is 2.6 percent.  This is the highest increase that was obtained from 
the calculations.  In contrast, with a 5,000-cfs upstream flow in the Rio Grande containing 
2,550-mg/L TSS, a 32-cfs diversion of which 4 cfs is returned carriage water, and 16 percent 
sand concentration, the downstream TSS increase is 0.09 percent.  At a given diversion rate 
(e.g., 28 cfs) and correspondingly higher flows of the Rio Grande, the diversion becomes a 
smaller and smaller fraction of the total flow and the effect of the diversion on the overall 
downstream TSS concentrations of the Rio Grande becomes smaller. 

Table 6 presents a partial summary of the calculated suspended sediment mass balances; the 
complete summary is presented in Appendix B. 

The results of the mass balance calculations indicate that the TSS concentrations are 
increased very slightly downstream of the diversion project.  The increases have been 
calculated to be in the range from about 0.01 to 2.6 percent.  The calculations have shown 
that the higher the flow (and TSS concentrations) in the Rio Grande, the lesser the 
downstream increase in TSS from the diversion project. 

Turbidity 
To evaluate the effect of slightly increased TSS concentrations in the river below the 
Buckman diversion on turbidity, we evaluated the observed historical relationship at Otowi 
between TSS and turbidity.  The available turbidity data [nephelometric turbidity units 
(NTUs)] were plotted versus TSS (mg/L) data.  A power curve was fit to the data, which on 
the log-log plot is shown as a straight line in Figure 14.  An upper-bound line was also 
placed on the graph to show the approximate maximum turbidity that is associated with the 
suspended sediment concentration in the Rio Grande. 

Figure 14 shows a general increase in turbidity with a corresponding increase in suspended 
sediment concentration.  However, turbidity is generally more related to the type of event 
that is generating the flow.  For example, a high intensity, but short duration thunderstorm 
is expected to result in higher turbidity than a snowmelt event.  This is due to the 
mobilization of more, and presumably finer-grained, materials, resulting in higher turbidity 
during a thunderstorm event.  Other factors, such as the relative amounts of loose sediments 
in tributary stream channels and the Rio Grande channel, the effects of previous flow events 
that may have removed turbidity-inducing fine-grained sediments and other geologic 
controls, will each have an effect on the turbidity in the Rio Grande at a given time. 
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Table 6.  Summary of Suspended Sediment Mass Balances at  
4-cfs Carriage Water and 12 Percent Sand Concentration 

 
River 
(QR) 

 
Diversion 

(QD) 

TSS 
Upstream 

(mg/L) 

Return Flow 
TSS 

(mg/L) 

TSS 
Downstream 

(mg/L) 

% TSS Increase 
in River 

Downstream 

200 28 750 1,380 765 1.95 

 21 750 1,223 761 1.41 

 14 750 1,065 757 0.90 

 7 750 908 753 0.44 

1,000 28 1,600 2,944 1,606 0.35 

 21 1,600 2,608 1,604 0.26 

 14 1,600 2,272 1,603 0.17 

 7 1,600 1,936 1,601 0.08 

2,000 28 2,100 3,864 2,104 0.17 

 21 2,100 3,423 2,103 0.13 

 14 2,100 2,982 2,102 0.08 

 7 2,100 2,541 2,101 0.04 
 
 
Figure 14.  Suspended Sediment Concentration versus Turbidity, Rio Grande at Otowi 
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